The crystal-field splitting and Zeeman splitting of energy levels of Nd 3þ (4f 3 ) doped into semiconducting GaN (3.2 eV) grown in the hexagonal (huntite) phase by plasma-assisted molecular beam epitaxy have been modeled using a parameterized Hamiltonian defined to operate within the complete 4f 3 electronic configuration of Nd 3þ substituted for Ga 3þ in the lattice. Zeeman splittings were obtained by applying magnetic fields up to 6.6 T with the fields parallel and perpendicular to the crystallographic c-axis. The experimental energy (Stark) levels were obtained from a recent spectroscopic study on the same samples, where the combined excitation emission spectroscopy (CEES) identified the majority of Nd 3þ ions as replacing Ga 3þ in sites of C 3v symmetry. . The energies of 41 experimental Stark levels from these manifolds were modeled through the use of a Monte Carlo method in which independent crystal-field parameters (CFP) were given random starting values and optimized using standard least-squares fitting between calculated and experimental Stark levels. Irreducible representations (irreps) and crystal field quantum numbers (l) were assigned to the energy level states of the 4 I 9/2 and 4 F 3/2 multiplet manifolds based on an analysis of the Zeeman data. This allows determination of which of the competing local minima should be considered to be the physically significant minimum. Using standard least-squares fitting between calculated and experimental Stark levels for Nd 3þ in C 3v symmetry, we obtain a final standard deviation of 7.01 cm À1 (rms ¼ 5.48 cm À1
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1,2 Their robust mechanical properties and high thermal conductivity make them attractive components in high-power/high-temperature controller devices.
2,3 Sharp fluorescence lines are observed over a wide range of emission frequencies within the bandgap due to electronic transitions within the well-shielded 4f n electronic shell. 4, 5 Sample excitation, both above and within the bandgap, results in emission to Stark-level components of numerous multiplet manifolds ( 2Sþ1 L J ) of the RE 3þ 4f n configuration. [4] [5] [6] The basic science reported on these doped nitrides over the years is a leading factor in their current success in emerging technologies. [7] [8] [9] [10] [11] Because of interest in the nitrides as potential laser hosts and light-emitting diodes, we have analyzed previously the spectra and the crystal-field splitting of several RE 3þ ions implanted in GaN and AlN thin films. [12] [13] [14] A detailed study of the spectra and the crystal-field splitting of Yb 3þ in AlN has been reported more recently by Koubaa et al. 15 Recently, Readinger et al. 16 reported the fabrication of in situ doping of GaN with Nd by plasma-assisted molecular beam epitaxy (PA-MBE). Metcalfe et al. 17 followed this work with an optical characterization of the observed Nd 3þ emission spectra. Using site-selective excitation methods, Metcalfe et al. 17 identified several Nd 3þ sites in the doped samples, including a majority site, which they suggested contained Nd 3þ ions that had replaced Ga 3þ ions in cation sites having C 3v symmetry in undoped GaN. The set of experimental crystal-field split energy (Stark) levels identified as the "main" site in Ref. 17 of independent crystal-field parameters increases from 6 (in C 3v symmetry) to 8 (in C 3 symmetry) and 14 (in C 1h symmetry), no improvement in the energy level fitting standard deviation is achieved with inclusion of these additional parameters. Additionally, no significant changes in calculated Zeeman g-values were observed between corresponding fits to each of the three symmetries. For this reason, calculations reported below assume that the Nd 3þ ion occupies sites of approximate C 3v symmetry.
II. ANALYSIS OF THE ZEEMAN SPLITTING
Following up on the interpretation of the experimental energy (Stark) levels obtained from the analysis of the combined excitation emission spectroscopy (CEES) reported in Ref. 17 , we have extended those measurements to the determination of Zeeman splittings and g-factors by applying magnetic fields of up to 6.6 T. Fields have been applied both in the in-plane (perpendicular to the c-axis) and out-of-plane (parallel to the c-axis) directions. Such studies have proven to be very valuable in assigning the irreducible representations (irreps) and the crystal field quantum numbers (l) to the respective Stark levels. Either designation can be used to describe the symmetry characteristics of the wavefunction associated with each Stark level. In C 3v symmetry, the Stark levels will be split for the field along the c-axis, while only C 1/2 levels will split for the perpendicular field. We obtained data by first exciting the 4 G 5/2 and 2 G 7/2 states. The emission was detected for the transitions from 4 F 3/2 to the 4 I 9/2 ground-state manifold. As a result of the number of levels involved, each peak in the zero-field excitation-emission map of Ref. 17 can be split into as many as 2 4 ¼ 16 peaks, reflecting the comprehensive data set, which is obtained by CEES, enabling us to assign the splitting to the respective Stark levels. Figure 1 shows the results for in and out-of-plane magnetic fields (0-6 T) for a selected excerpt of data. We see several peaks that have been split in both emission and excitation, allowing us to identify several g-factors in excited and ground states of Nd 3þ . By comparing the behavior of the excitation and emission transitions labeled A, B, C, D, E, and F, it is apparent that respective Zeeman splittings are clearly different for the fields applied in the two orthogonal directions. While C, D, and E split for parallel fields, the most pronounced splittings occur for A, B, and F for perpendicular fields. In order to illustrate the strategy for how the various splittings are correlated with g-factors of particular levels, we focus first on the results for out-of-plane fields and the emission to the two closely spaced lowest ground Stark levels.
In Fig. 2 we show the emission obtained under the application of a magnetic field of 6 T. In determining g-factors, we take advantage of the fact that the several emission peaks share a common final level (see inset in Fig. 2 ). For instance, the peak labeled B is the emission due to the upper thermally excited Stark level of The splitting can be converted to effective g-factors using the expression DE ¼ l b g eff B; where the energy splitting, the Bohr magneton, and the magnitude of the magnetic field are known. For example, the g-factor for the ground Fig. 1 and discussed , as shown in Table I .
We can then repeat the procedure for magnetic fields applied in-plane by rotating the sample by 90 degrees in the sample chamber, and for consistency, we maintain the excitation along the c-axis of the sample. Thus, the emission and excitation spectra at zero-magnetic field are identical to the parallel magnetic field case and we can readily identify changes in the g-factors using the method just described, except that the two lowest ground-state Stark levels exchange their role. In this case only the A and B transitions exhibit a splitting, suggesting that the second lowest Stark level is responsible for this splitting while the other splittings are small. In this case, following the same ordering of the Stark levels for 4 I 9/2 as reported earlier, the g eff are 0.12, 2.91, 0.0, 0.14, and 0.0 in the applied magnetic field in-plane orientation (see Table I ). For Kramer's doublet states in C 3v symmetry, the group theoretical irreducible representations (irreps) are C 1/2 and C 3/2 . They represent the group symmetry labels used to characterize the wavefunction of individual Stark levels. The individual states can be assigned crystal field quantum numbers as well. In C 3v symmetry these designations are represented as l ¼ 61/2 and l ¼ 63/2. They are assigned to states characterized by the irreps of C 1/2 and C 3/2 , respectively. Stark levels that exhibit substantial splittings in magnetic fields applied perpendicular to the c-axis can be assigned to a C 1/2 state, while levels with zero (or small) splittings may be assigned to a possible C 3/2 state. In principle, the irreps and the crystal-field quantum numbers (l) can be assigned to the experimental Stark levels based on an analysis of the Zeeman data.
The energy values of all experimental Stark levels reported in Ref. 17 were converted into wavenumbers (cm
À1
) through the conversion factor 8.0655411 cm À1 / meV. Grace Metcalfe kindly allowed us to review the original emission and excitation data obtained at the Army Adelphi Center (ARL). We determined a few changes from the published levels in Ref. 17 
III. CRYSTAL-FIELD MODELING STUDIES
The crystal-field splitting of 41 experimental Stark levels were modeled using a parameterized Hamiltonian defined to operate within the entire 4f 3 electronic configuration assuming the Nd 3þ ions occupy sites of C 3v symmetry. Following standard practice, [18] [19] [20] this model includes spherically symmetric "atomic" contributions, given by
as well as non-spherically-symmetric contributions from the one electron crystal field,
For ions in C 3v symmetry, there are six independent B k q crystal-field parameters: B . The experimental Stark levels were modeled through use of a Monte Carlo method in which the six parameters were given random starting values and optimized using standard leastsquares fitting between calculated and experimental levels. The three local minima with the lowest standard deviations each correspond to different orderings of the irreducible representations (irreps) for the ground configuration 4 I 9/2 states. The best fitting has a standard deviation of 5.21 cm À1 , and has ground configuration states ordered as {C 1/2 , C 3/2 , C 1/2 , C 3/2 , C 1/2 }. The second-best fit has a standard deviation of 6.08 cm
À1
, with ground configuration states {C 3/2 , C 1/2 , C 1/2 , C 3/2 , C 1/2 }. The third-best fit has a standard deviation of 7.01 cm À1 , with ground configuration states {C 3/2 , C 1/2 , C 1/2 , C 1/2 , C 3/2 }. However, when the Zeeman splitting of the ground configuration states are examined, it is clear that only the third-best fit can rationalize the experimental data. Thus, it is this third-best fit that is presented along with the experimental energy levels in Table I . Table I gives a comparison between the experimental levels (column 5) and the calculated levels (column 6), assuming C 3v symmetry, with the energy difference in column 7. The irrep identification and largest M J components for each Kramer's doublet level are given in columns 3 and Table II for a 6.6 T magnetic field directed parallel to the crystallographic caxis (columns 4-6) and perpendicular to the c-axis (columns 7-9). Table III lists the atomic and crystal-field parameters obtained from the least-squares fitting. As a result of the small number of multiple manifolds determined, only 10 of the 20 atomic parameters were allowed to vary. In order to further determine the values of the atomic parameters, we would need additional Stark levels from other multiplet manifolds. Unfortunately, manifolds such as 4 I 15/2 , 4 F 9/2 , and 2 H 11/2 generally produce much weaker emission spectra, and a search of the ARL data for transitions that would identify these multiplets was unsuccessful.
In analyzing the ARL data we found a pronounced shift of the experimental barycenters (centers of gravity of the Stark splitting associated with each multiplet) to energies substantially lower than in other host materials. 4, 5, [21] [22] [23] [24] The shift is especially apparent between the 4 I J and the excited multiplets. The energy difference for the well-known lasing transition between 4 F 3/2 and 4 I 11/2 in GaN is shifted to lower energy relative to the LaF 3 host by nearly 650 cm À1 as shown in Table IV , which compares the Nd 3þ barycenters obtained in three popular host crystals to the semiconducting film GaN. The intra-4f n transition probabilities are usually calculated in terms of the mixing of electronic states of opposite parity through the odd terms of the crystal-field Hamiltonian. 4, 5 In Nd 3þ , these states are higher in energy than the onset of the bandgap in GaN, where intrinsic impurities and defect centers are found. Wave functions from these states may mix with the excited states of Nd 3þ and contribute to the barycenter shifts, emission line strengths, and decay lifetimes observed in the semi-conductor host that are distinctive from similar spectroscopic measurements obtained from Nd 3þ doped into insulator host materials. 12 Table IV may be described as a nephelauxetic shift associated with an increased covalent contribution to the bonds in GaN, relative to the ionic bonding in insulator host materials. The infrared shift in emission frequencies observed in other RE 3þ -doped GaN and AlN as well, [13] [14] [15] opens up possibilities for future photonic applications for these emission frequencies, and deserves further fundamental studies of the energy transfer, including quantum cutting, in these materials. 
